Abstract: Using 1,3-bis(chloroacetamido)propane (5) as the common intermediate, an efficient route is described to the stepwise syntheses of 1-thia-4,8-diazacyclodecane, [10] aneN 2 S (8), and the pentadentate macrobicycle 17-thia-1,4,8,11-tetraazabicyclo[9,5,3]-nonadecane (11). During the investigation of the condensation of (5) with (8), with Li 2 CO 3 used as a base the Li + cation is carried over as the complex of the dioxo intermediate (10) and survives further reduction. Prolonged contact of these complexes with CHCl 3 during cyclisation and extraction (in the presence of Li 2 CO 3 and NaOH, respectively), leads to the formation of the complex cation [Li(4)] 2+ as a byproduct in which the cationic macrocycle (4), containing a formamidinium ring, is formed through bridging of the 1,11-nitrogens in the macrobicycle (11) by a -CH= group that is derived from CHCl 3 . This renders the cavity in (4) (4)] 2+ . In contrast, if triethylamine is used as a base during the cyclisation reaction leading to the formation of (11) and contact with aqueous NaOH and CHCl 3 during its isolation is minimized, the formation of (4) is prevented and the yield of (11) improved.
Introduction
The macrocyclic ligand, cyclam (1,4,8,11-tetraazacyclotetradecane) , has been used extensively as a fundamental framework from which new ligand structures have been derived (1) . This should not be surprising considering the extraordinarily high thermodynamic stability and kinetic inertness of cyclam and cyclam-based complexes of a wide range of metal ions (2) and also the extensive chemistry developed during the past decade for selective functionalization of such macrocycles (3). As a result, such derivatives have been used extensively in supramolecular chemistry (4) and also in diagnostic and pharmaceutical applications (5). In this laboratory, efforts have been directed towards the synthesis of three isomeric macrobicyclic ligands, (1), (2), and (3). Each of these ligands (a [9] ane, a [10] ane, and a hemicryptate structure, respectively) is incorporated into a cyclam frame with an ether (-O-) (6), a secondary amine (-NH-) (7) , or a thioether (-S-) (8) donor in one of the axial positions. The objective of these investigations is to study the effect of structure on the kinetics of substitution on the only axial site available in the penta-coordinate complexes of these ligands (9) . Also, these macrobicycles may act as precursors to fully developed hexa-coordinate cryptate ligands.
The syntheses of the macrobicycles and their complexes have been reported from this laboratory for (1) (6-8a), (2) (8b), and (3) (9) with, in the case of (1) and (2), use being made of the precursors 1,4-diaza-7X-cyclononane, [9] aneN 2 X and 1,5-diaza-8X-cyclodecane, [10] aneN 2 X, respectively, where X = O or S. Access to a series of [9] aneX 3 ligands (X = O, NH, and S or a combination of these donors) is well-documented (10) . However, the corresponding [10] aneX 3 analogues were prepared by a procedure developed by Richman and Atkins (11) , where harsh conditions are associated with the removal of tosyl protecting groups causing cleavage in the ether and thioether systems leading to low yields (12) . A recent report from this laboratory described the synthesis and structure of a Ni(II) complex of (11) (8b) in which (8) and (11) were prepared from different reagents. To prepare reasonable quantities of (11), an efficient route to (8) is required. This paper describes a procedure that uses 1,3-bis(chloroacetamido)propane (5), as a common intermediate, in the syntheses of both (8) and (11) .
Also presented in this report are details of the formation of the unusual cationic complex, [Li(4)] 2+ that is formed under some conditions as a major by-product during the synthesis and isolation of (11) . The [Li(4)] 2+ ion has been isolated as a Pd(II) bridged species and the single crystal Xray structure of the trimetallic species is reported here.
Experimental
NMR spectra were obtained on a Bruker AMX360 or AC300 high-field spectrometer using CDCl 3 for the final macrocylic ligands and DMSO-d 6 for the precursor oxo species. Mass spectra were recorded on a Finnegan 330 GC-MS instrument either by methane chemical ionization or using a low-energy electron impact method for the ligands and on a Kratos Concept instrument by FAB or LSIMS method for the complexes. 1,2-Diaminoethane (anhydr.), 1,3-diaminopropane, triethylamine, chloroacetyl chloride, and Na 2 S·9H 2 O purchased from Sigma-Aldrich Chemical Co. were used without further purification. 1,2-Bis(chloroacetamido)ethane and 1,3-bis(chloro-acetamido)propane (5) were prepared by a method similar to that described by Bradshaw and co-workers (13) and were purified by recrystallization from hot dry acetonitrile at 60°C and dried under vacuum.
Caution! Perchlorate salts of organic ligand-containing transition metal complexes are potentially explosive. Use sintered funnels for filtration and vacuum techniques for drying samples. Prepare and handle only small quantities.
In Scheme 1 it is seen that a common intermediate (5) is used in the syntheses of both the precursor macrocycle (8) and the final macrobicycle (11) .
3,9-Dioxo-1-thia-4,8-diazacyclodecane (6) and 3,9,13,19-tetraoxo-1,11-dithia-4,8,14,18-tetraazaeicosane (7)
To a dry colorless powder of 1,3-bis(chloroacetamido)propane (5) (65.0 g, 0.28 mol) placed in a 5 L round-bottomed flask, 2.5 L of a mixture of acetone-water (1:1 v/v) was added and the mixture was refluxed under nitrogen yielding a clear solution. To minimize photolytic hydrolysis of (5), the glass vessel was covered with aluminum foil. A solution of 98% pure Na 2 S·9H 2 O (70 g, 0.30 mol) in 0.5 L of water was added very quickly through a dropping funnel and the mixture (pH 11.0) was refluxed for 40 h. Acetone was re- moved under vacuum in a rotary evaporator. After reduction of the aqueous solution to about 300 mL, the solution was neutralized with HCl to pH 7, and the resulting crystalline colorless powder was filtered under suction. This solid was found not to be hygroscopic although it retained large amounts of water. It was dried in a vacuum oven at 80°C for at least 24 h. The filtrate was further concentrated and any colorless precipitate that formed was recovered. This process was repeated until about 47 g of the product was recovered. Yield 88% (based on 6).
1 H NMR δ: 1.62 (m, 2H, C-CH 2 -C), 3.08 (d of t, 4H, N-CH 2 ), 3.18 (s, 4H, CO-CH 2 -S), 3.3 (broad, NH). 13 C NMR δ: 28.2 (C-CH 2 -C), 36.4 (N-CH 2 ), 39.9 (S-CH 2 ), 171.7 (C=O). MS (CH 4 CI): 189 (M + 1), 217 (M + 29), 229 (M + 41). A second set of 13 C NMR peaks at 27.8, 35.8, 37,2, and 171.6 was also observed and assigned to the dimeric species 3,9, 13,19-tetraoxo-1,11-dithia-4,8,14,18-tetraazaeicosane (7) .
1-Thia-4,7-diazacyclodecane (8) and 1,11-dithia-4,8,14,18-tetraazaeicosane (9)
A vacuum-oven dried mixture of compounds (6) and (7) (24 g, 120 mmol based on (8)) was ground to a fine powder and charged into a 1 L round-bottomed flask. Under N 2 , 350 mL of BH 3 ·THF (1 mol/L) was added under gentle stirring and subsequent heating to a gentle reflux for 24 h. The reaction mixture was cooled to room temperature. While vigorously stirring the mixture, the excess reductant was decomposed by the slow addition of methanol. Removal of the volatile solvents and addition of an aqueous solution with HCl (3 mol/L) was followed by reflux for 1 h. After cooling the solution and concentration to dryness, the residual solids were dissolved in about 300 mL of water and transferred to a 1 L beaker. The solution was made strongly basic (to about 3 mol/L) with solid NaOH while cooling in an ice bath. This basic solution was extracted with six aliquots of CHCl 3 (50 mL) at room temperature. The CHCl 3 extracts were dried and concentrated under vacuum, yielding a viscous oil (12. 3 g, 78 mmol based on (8)). Using a Kugelrohr apparatus, the oil was distilled at 20 mmHg (1 mmHg (0°C) = 133.322 4 Pa) pressure at 60-70°C. This yielded 5.5 g (34 mmol, 28%) of a pale yellow oil that was identified to be pure (8). The remaining 14.3 g of dark brown residue was identified as impure (9).
1 H NMR δ: 1.67 (m, 2H, C-CH 2 -C), 2.71 (d of t, 4H, S-CH 2 ), 2.76 (m, 8H, CH 2 -N-CH 2 ), 3.3 (broad, NH).
13 C NMR δ: 29.4 (C-CH 2 -C), 32.8 (S-CH 2 ), 47.9 and 48.7 (N-CH 2 ). MS (CH 4 CI): 321 (M + 1), 349 (M + 29), 361 (M + 41).
14-Thia-1,4,8,11-tetraazabicyclo[9,5,3]-nonadecane-3,9-dione (10)
To a solution of (5) (2.96 g, 13 mmol) in 500 mL of dry acetonitrile was added distilled [10] aneN 2 S (8) (1.66 g, 10.4 mmol) in 50 mL of dry acetonitrile. This clear solution was added to a refluxing mixture of 2.5 L of anhydrous acetonitrile and 10 mL of Et 3 N at the rate of 60 mL/min under a N 2 atmosphere. After completion of addition, the reaction mixture was refluxed for a period of 20 h. Most of the acetonitrile was distilled off in a rotary evaporator yielding a viscous oil that was extracted with acetone. An acetone insoluble fraction that consisted mostly of [Et 3 NH] + Cl -was filtered off. The acetone extracts were concentrated to obtain a colorless solid (2.0 g, 6.4 mmol). Yield 57% based on (8) . 1 H NMR δ: 1.67 (m, 2H, C-CH 2 -C), 2.71 (d of t, 4H, S-CH 2 ), 2.76 (m, 8H, CH 2 -N-CH 2 ), 3.3 (broad, NH). 13 C NMR δ: 29.4 (C-CH 2 -C), 32.8 (S-CH 2 ), 47.9 and 48.7 (N-CH 2 ), 169.1 (C=O). MS (CH 4 CI): 321 (M + 1), 349 (M + 29), 361 (M + 41).
14-Thia-1,4,8,11-tetraazabicyclo-[9,5,3]-nonadecane (11)
Crude, powdered, and vacuum dried bicyclic diamide (10) (2.20 g, 6.9 mmol) was placed in a 1 L round-bottomed flask into which 400 mL of THF·BH 3 (1 mol/L) was siphoned. The reaction mixture was gently stirred and refluxed for 24 h under N 2 . The mixture was cooled and transferred to a 2 L beaker, and while stirring, methanol was added dropwise to decompose excess borane. After a HCl (3 mol/L) work-up, the solution was concentrated to dryness on a rotary evaporator. The resulting mass was suspended in 150 mL of water and a solution of NaOH (10 mol/L) was added a little at a time until a clear solution of pH 13 was obtained. This solution was extracted with 5 × 60 mL of CHCl 3 , the combined extracts were dried over anhydr. Na 2 SO 4 , and concentrated to dryness. Traces of solvents were removed under vacuum to get a viscous oil (1.0 g, 3.5 mmol) of the ligand. Yield 51%.
Purification of (11)
Though ligand (8) prepared by the preceding method was pure, traces of impurities could be removed only by forming a Cu(II) complex and separating the pure cation [Cu (11)] 2+ from the impurities on a Sephadex CM C-25 cation exchange column. In a typical procedure, (11) (1.0 g, 3.5 mmol) in 25 mL of ethanol was added to a solution of CuCl 2 ·2H 2 O (0.6 g, 3.5 mmol) in 25 mL of water. The solution was refluxed for 2 h, diluted with 150 mL of distilled water, and loaded onto a sephadex CM C-25 column (10 cm × 50 cm) fitted with a medium frit, and eluted with a NaCl (0.1 mol/L) solution. Traces of initial impurities were collected with 500 mL of NaCl (0.1 mol/L) and discarded. The main fraction containing [Cu (11)] 2+ was collected as a single band with 300 mL of NaCl (0.15 mol/L). This fraction was concentrated to about 100 mL, treated with 25 mL of a 10% solution of Na 2 S·9H 2 O, and refluxed for 1 h. The precipitated CuS was filtered under gravity and the ligand was extracted with three 25 mL aliquots of CHCl 3 . The CHCl 3 extracts were collected, dried with anhydr. Na 2 SO 4 , and evaporated to dryness. Traces of solvents were removed under vacuum. The resulting oily product crystallized into a waxy solid. Recovered yield 0.9 g. 1 H NMR δ: 1.60 and 1.67 (m, 2H each, C-CH 2 -C), 2.41 (d of t, 4H, S-CH 2 ), 2.62 (broad multiplet, 16H, CH 2 -N-CH 2 ), 2.98 (broad, 2HNH). 
[[Li(4)]-PdCl 2 -[Li(4)]](ClO 4 ) 2
To Li 2 CO 3 (1.0 g, 13.5 mmol) and NaI (1.25 g, 8.3 mmol) in a 5 L three-necked round-bottomed flask was added 2 L of reagent grade acetonitrile. Upon refluxing this mixture, solutions of distilled [10] aneN 2 S (8) (0.98 g, 6.1 mmol) dissolved in 500 mL of CHCl 3 -CH 3 CN (1:1 v/v) and (5) (1.39 g, 6.1 mmol) in 20% aq. CH 3 CN were added separately and simultaneously using pressure equalized dropping funnels. The rate of addition was maintained at about 50 mL/h and the reaction mixture was maintained under an atmosphere of N 2 . After 48 h of refluxing, insoluble materials, mostly of unused Li 2 CO 3 and NaCl, were filtered off and the reaction mixture concentrated to obtain 2.5 g of a colorless solid, which was soluble only in water. This solid was dried in a vacuum oven and reduced with 150 mL of BH 3 -THF using a procedure similar to that described earlier for the preparation of (11) . After acid hydrolysis and basification, the product was extracted with CHCl 3 in a continuous liquid-liquid extractor to yield 1.2 g of a plastic hygroscopic solid.
To a solution of 100 mg dissolved in 2 mL of CHCl 3 was added under reflux a solution of PdCl 2 (62 mg, 0.35 mmol) in 25 mL of CH 3 CN. The reaction mixture was refluxed for 48 h. Some Pd black that formed was removed by gravity filtration and to the clear filtrate, HClO 4 (1 mL, 1.0 mol/L) was added from which the trimetallic product crystallized (60 mg, 0.05 mmol). MS by use of a solution of the complex in CH 3 CN-H 2 O (8:2 v/v), two prominent peaks were observed in LSIMS (m/e = 454.1 (100%) for [C 30 + ion) confirm the existence of both the trimetallic ion and the lithium-containing macrocycle (4).
X-Ray crystal structure determination
Single crystals of [(Li(4)) 2 PdCl 2 ](ClO 4 ) 2 ·H 2 O were obtained by vapor diffusion or layering of Et 2 O into solutions of the complex in CH 3 CN. Data were collected on a Smart 1000 CCD area detector diffractometer with graphitemonochromated Mo Kα (λ = 0.710 73 Å) radiation. The cell parameters were determined from a nonlinear least-squares fit of the data. The data were corrected for absorption by the SADABS method (14) . The structures was solved by direct methods by use of the SHELX 97 program (15) , and refined by full-matrix least-squares on F 2 by use of all reflections. Hydrogen atom positions were initially determined by geometry and refined by a riding model. Non-hydrogen atoms were refined with anisotropic displacement parameters. Crystal structure parameters for [(Li(4)) 2 PdCl 2 ](ClO 4 ) 4 ·H 2 O is presented in Table 1 and selected bond lengths and angles are listed in Table 2 .
Discussion

Formation of the formamidinium complex
The formation of the formamidinium moiety within both triaza (16) and cyclam (3, 16c) rings has been observed previously. Such a configuration has been prepared in CHCl 3 and used in the selective functionalization of cyclam (3b). Under the prolonged exposure to strongly alkaline conditions used in this as well as the previous study (8b), CHCl 3 is known to form the dichlorocarbene :CCl 2 through the loss of HCl. As shown in scheme 1, in macrocycles containing 1,3-diaminopropane moieties, insertion of the dichlorocarbene into an N-H bond followed by elimination of HCl can lead to the formation of a >N + =CH-NH: functional group. The formation of the formamidinium moiety also reduces the 14-membered macrocyclic cavity to a 12-membered ring that is asymmetric and too small to permit incorporation of a transition metal ion (Scheme 2). However, a small cation such as Li + is retained within a thermodynamically stable complex. Relatively recently, we reported the structure of an encapsulated Li + complex in the macrotricyclic ligand [9]aneN 4 S 2 that is derived from the 14-membered cyclam unit (8c). The presence of Li + during the preparation of this ligand led to its incorporation into [9]aneN 4 S 2 , and attempts to replace the Li + by transition metal ions have not been successful. It would appear that once present within the dioxo precursor (10), the Li + ion is held sufficient strongly to withstand the reduction process.
Structure of [[Li(4)]-Pd(Cl) 2 -[Li(4)]](ClO 4 ) 4 ·H 2 O 2
An ORTEP diagram of the complex cation is presented in Fig. 1 . The interesting aspects of this structure are the confirmation of the formamidinium group within the macrocyclic ring and the binding of the Li + ion. The introduction of the formamidinium ring introduces an asymmetry into the macrocycle and that is reflected in the following two features: (i) the introduction of a conformational rigidity to the cyclam framework that renders the resulting 12-membered macrocycle a powerful chelating agent for Li + ion and (ii) this in turn forces the thioether donor to coordinate in an exodentate fashion. As seen in Fig. 1 , the Li + is four coordinate, situated within bonding distances to the four nitrogens of the macrocycle, while the pendant thioether, in an exodentate fashion, coordinates to the square planar Pd(II) center.
Structural and molecular aspects of the coordination chemistry of Li + ion have been reviewed (17a) . In an open frame formamidinium complex in which Li + adopts tetrahedral geometry, Li-N distances vary between 2.0 and 2.3 Å (17b). The Li-N distances in the trimetallic species described here can be divided into two distinct types. The bond distances Li-N1 (1.853 (9)) and Li-N4 (1.839 (9)) associated with the free-standing tertiary N donors of the "1,3-diaminopropane" moiety are substantially shorter than the Li-N2 (2.143 (10)) and Li-N3 (2.214(9)) distances associated with the formamidinium ring nitrogens. An important aspect to note is that owing to the presence a single positive charge and its delocalization over the two nitrogen atoms, the formamidinium nitrogens might be described effectively as 1e -electron donors, while the free-standing tertiary nitrogens provide regular lone pairs. The presence of an asymmetric 12-membered macrocycle is also reflected in a comparison with the regular 14-membered macrocycle (Li-N 2.080(3)) (8c). Also, within the small penta aza-[5,5,5]-cryptate (18) that selectively incorporates Li + ions, there is no distinction between two axial tertiary Li-N distances (Li-N(1) 2.008 (13) and Li-N(3) 2.037 (13)) and the three equatorial nitrogens (Li-N(2) 2.083 (12) , Li-N(5) 2.015 (11) , and Li-N(4) 2.056 (11)) one of which is a secondary nitrogen. Again, the difference with the current system is the presence of a delocalized double bond within the formamidinium ring. In contrast to the current investigation, a nickel(II) complex of a formamidinium-containing cyclam ring (16c) has been described. In the nickel(II) complex, only one formamidinium and two secondary nitrogens are coordinated the metal centre. This again illustrates how the presence of a formamidinium ring influences coordination geometry within such macrocycles.
Synthesis
Generally, procedures reported for the formation of thioether macrocycles involve the reaction of a dithiolate anion with an appropriate α,ω-disubstituted halide (19). The use of Na 2 S to form thioether macrocycles is relatively rare (8c). In the procedure presented here, an aqueous solution of sodium sulfide is used in the intramolecular cyclisation of the chloroacetamido groups in (5) to form the precursor [10] aneN 2 S (8). Under moderately dilute conditions (0.1 mol/L) and in a large batch, again a mixture of cyclic amides (6) and (7) were formed in good yields. However, no attempt was made to separate these amides (8b). The crude product was reduced directly to a mixture of [10] aneN 2 S (8) and [20] aneN 4 S 2 (9). The yield of this mixture varied within 60%-75%. In a subsequent microdistillation under vacuum, (8) was distilled off a clear pale yellow liquid and (9) was recovered from the residue. The fact that (8) can be obtained by a simple distillation, both in high purity and in large quantities makes this procedure more attractive. In the modified procedure reported here for the macrocycle (11), the alkali metal carbonates used were replaced with triethylamine. The advantages of using Et 3 N as a base are threefold: (i) the absence of alkali metal ions eliminates formation of complexes of cyclic diamide intermediate (10) and thus facilitates its separation from the reaction mixture; (ii) the nearly identical boiling points of acetonitrile and triethylamine results in most of the base being in the vapor phase while making available sufficient amounts in the liquid as the reaction progressed; and (iii) triethylamine hydrochloride, being highly insoluble in an acetone-acetonitrile mixture, is easily removed during the isolation of (10) . Another advantage of the modified procedure are the shorter reaction times (less than 20 h) and the absence of chloroform during the cyclisation reaction of (8) with (5).
While developing simpler routes to [10] aneN 2 S (8) attempts were also made to synthesize the macrocycle [9]aneN 2 S using the reaction of 1,2-bis(chloroacetamido)ethane with aq. Na 2 S. However, only an insoluble polymeric species was isolated. The difference in the reactivities of 1,2-bis(chloroacetamido)ethane and 1,3-bis(chloroacetamio)propane (5) may arise from their conformation. 1,3-Disubstituted propanes in general tend to be adopted by a "w" conformation, in contrast to transoid conformations generally found in most 1,2-disubstituted ethanes in which the reactive groups are oriented in an unfavorable direction for cyclisation to be successful (20).
Summary
In summary, in the synthesis of bi-and tri-macrocycles of this type, the use of tertiary amines instead of alkali metal carbonates appears to eliminate many of the problems normally encountered. In particular, the tendency of the oxo derivatives such as (10) to complex alkali metal ions is a significant factor. Many of these macrocycles are also strong Lewis bases in weakly polar nonhydroxylic solvents such as CHCl 3 . Prolonged contact and heating leads to the formation of formamidinium ring with chelation of small metal ions like Li + .
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Pd ( Scheme 2. Formation of formamidinium ring from CHCl 3 in the presence of NaOH.
